Plasma membrane vesicles from pea (Pisum sativum L.) seedlings contain an autophosphorylating calcium-activated protein kinase of relative molecular weight 18,000 (phosphoprotein 18, pp18). Pulse chase analysis revealed that pp18 autophosphorylation exhibited very rapid tumover. pp18 was the only detectable plasma membrane protein to have this property. pp18 has been highly purified by affinity chromatography and the final preparation contains peptides of relative molecular weight 67,000,48,000, and 18,000. Highly purified pp18 still showed rapid cycling of autophosphorylated phosphate attached to pp18. Tumover of pp18 autophosphorylation was accelerated by ADP, but this effect did not appear to be the back reaction of the kinase since inorganic phosphate accumulation is increased by ADP. A rapid cycling of phosphorylation is an ideal control point in signal transduction.
In this paper, evidence is provided to suggest that autophosphorylation of ppl8 is a rapid cycling of phosphate, attached to serine residues, in both the plasma membrane and in a very highly purified pp 18 preparation. This may account for the unusual kinetics of plasma membrane labeling. The rather unusual behavior of this enzyme, along with calcium/ calmodulin activation and cellular location, reinforces the notion that it is important in signal transduction and regulation.
MATERIAL AND METHODS

Plant Material
Peas (Pisum sativum L. cv Feltham First) were grown in moist vermiculite in the dark at approximately 20°C for 12 d. The experimental material was the bud which contains the unexpanded fourth and fifth leaves.
Protein kinases represent an ubiquitous class of enzymes (13) , and the involvement ofprotein phosphorylation in signal transduction in plants has considerable potential (5) . As in animal cells, protein kinases have been discovered that are both calcium and/or calmodulin dependent (17) . These have been detected in membrane, nuclear, and soluble fractions. Additionally, extracellular signals such as red light, gravity, or ABA have been implicated as possibly modifying cytosolic calcium levels (9, 19) as part of a signal transduction process.
In an initial report we identified a membrane-bound, calcium-regulated protein kinase from pea bud tissue (1 1). On a specific activity basis, calcium-regulated protein kinase activity is fivefold higher in the plasma membrane when compared to microsomal membranes (2) . Using the solubilization procedure of Venis (22) , approximately 15 to 30% of the protein kinase activity was solubilized, with retention of calcium activation. The same protein kinase is solubilized from microsomal membranes by this procedure as is solubilized from purified plasma membrane preparations (2) .
By use of dilution kinetics, nondenaturing PAGE, and renaturation after SDS-PAGE, it was shown that phosphorylation of solubilized ppl 8' had the characteristics of intramolecular autophosphorylation (3) . Labeling of intact pea bud plasma membrane using [y-32P]ATP revealed that pp 18 phosphorylation was complete in 15 to 30 s, whereas other proteins increased their labeling for a 4 to 5 min period (3) . ' Abbreviation: ppl 8 
Membrane Isolation and Solubilization
Microsomal membranes were isolated (12) and washed before isolation of plasma membrane by aqueous polymer two phase partitioning as previously described (2) . Percentage distribution (with recovery) of protein and marker enzyme activities for contaminants of the plasma membrane rich fraction were as follows: protein 9% (67%), NADH Cyt c reductase 3% (53%), latent inosine diphosphatase 3% (68%), and Cyt c oxidase 1% (72%).
Microsomal membranes were solubilized as described previously (12) using the procedure of Venis (22) The data in Figure 1 show the effect of pulse chase conditions on the autophosphorylation ofplasma membrane bound ppl 8 and the phosphorylation of other membrane bound proteins in SDS-PAGE separations. A plasma membrane (2) . No other phosphorylated plasma membrane protein responded in the same way to the pulse chase conditions, although some slight loss of label was observed from a peptide with an Mr of approximately 65,000. In all other phosphorylated petides a general increase in labeling occurred through the 30 s chase period (compare lanes a and b, or e and f, or g and h).
Several explanations could be made of these data. There could be a selective phosphatase present in the plasma membrane removing autophosphorylated phosphate from ppl 8. Alternatively, ppl 8 could be a phosphorylated enzyme intermediate, or the loss of phosphate could occur from substrates overlying ppl 8 on the gel, or ppl 8 could possess both autophosphorylation and phosphatase activities. These four possibilities could be resolved by (a) extensive purification of In a previous paper (2), we described a limited purification of ppl 8 by nondenaturing PAGE with electroelution from gel slices. However, this procedure gave only very small amounts of enzyme, insufficient to obtain a reasonable estimate of purity by SDS-PAGE. The solubilized enzyme has now been purified by affinity chromatography on ATP agarose and the relevant data is shown in Figure 2 .
Routinely, etiolated pea bud material (100 g fresh weight, 375 mg protein) was used to prepare a microsomal membrane preparation (75 mg protein). Microsomal membrane has been used in preference to purified plasma membrane so as to avoid the loss of plasma membrane as a consequence of its further purification by phase partitioning. After solubilization (as described in "Materials and Methods"), the clarified extract (2 mL containing approximately 2.7 mg protein in resuspension buffer plus 10 mM MgCl2) was loaded onto the 1 mL ATP agarose column bed. The column was then washed with 20 mL ofthe same buffer, and the flow-through fractions were collected. Bound material was eluted from the column by washing with resuspension buffer containing 20 mm Na2EDTA. The EDTA eluate contained 36 gg of protein in 2 mL and 95% of the eluted protein kinase activity. Recoveries of total protein from the ATP agarose column were generally approximately 70%. Figure 2A shows profiles of protein and protein kinase activity from such an ATP agarose purification procedure. Figure 2B illustrates the overall purification in qualitative terms. Although the specific activity of the final enzyme is 714-fold higher than that of the microsomal membrane, this may represent a considerable underestimate of the level of purification obtained for several reasons.
The microsomal membrane fraction contains several calcium-dependent, protein kinases (12) . Only the protein kinase localized in the plasma membrane seems to be solubilized by the acetone procedure used here. Thus, the specific activity of the protein kinase is anomalously changed by selective solubilization. The number of endogenous substrates changes drastically in the process of solubilization (compare lanes b and d of Fig. 2B ). This may seriously reduce sites available for phosphorylation, lowering the measured specific activities. Upon further purification on ATP agarose the remaining substrates, other than ppl 8, are eliminated (cf lanes d and h of Fig. 2B ), thus again anomalously altering the specific activity of the protein kinase fraction.
We have attempted to improve estimates of the protein kinase purification by using exogenously added substrates. (Fig. 2B, lane h) . These are higher than that for the 'unphosphorylated' peptide (Mr 18,000), as isolated prior to in vitro autophosphorylation (Fig.  2B, lane g ). Phosphorylation induced increases in mol wt have been previously reported for another protein kinase (23) . The Mr 18,300 and 18,900 components can be seen in the autoradiograph presented in Figure 1 . Detection of the minor bands was variable, depending on gel loading and length of autoradiograph exposure. Autophosphorylation of ppl 8 in the highly purified fraction can be increased up to threefold by added calcium and calmodulin as previously reported for relatively impure preparations (2). Partial protease digestion using Staphylococcus aureus V8 protease and SDS-urea gel separations produced five labeled fragments (Mr ranging from 15,300-5,500), but phosphorylation of all of these seemed equally elevated by calcium and calmodulin.
Highly Purified ppl8 Autophosphorylation Still Shows Rapid Turnover Figure 3 shows that the highly purified pp 18 still showed a rapid cycling of autophosphorylated phosphate. Figure 3A shows the enzyme Mm free calcium ions and 3 AM bovine calmodulin at 00C. At the times indicated, aliquots were removed to 1 x 2 cm phosphocellulose strips and assayed for kinase activity according to Roskoski (18) . At the 1 min point a H20 chase with 6, 60, or 600 nm unlabeled ATP (pH 7.2) (0) or H20 was added. Aliquots were removed to phosphocellulose strips as above. min. Esterified phosphate was estimated by the Roskoski method on phosphocellulose strips (18) . The rate of loss of label is as fast as that in the plasma membrane, suggesting that if loss in the membrane results from specific phosphatase activity then this activity has copurified with the enzyme. Figure 3B shows an equivalent pulse-chase analysis using 60 nm unlabeled ATP and analysis of the products by SDS-PAGE and autoradiography. pp l 8 labeling was dramatically reduced in the first 10 s as in Figure 3A .
As a further illustration of the turnover of phosphorylation, an analysis of the steady state plateau of ppl 8 autophosphorylation was performed. Aliquots from a [y-32P]ATP-labeled pp18 preparation were removed at intervals during an extended incubation, and ATP/Pi was separated by ascending paper chromatography. After localization, the appropriate regions were excized and radioactivity estimated by Cerenkov counting. A net decrease in ['-32P]ATP and equivalent production of 32Pi was observed, indicative of a turnover of phosphorylation (not shown). Figure 3A , but using an unlabeled ADP chase, were performed. Again the chase conditions led to a rapid loss of autophosphorylated phosphate, but at equivalent concentrations ADP leads to much lower plateau levels than ATP (not shown). The two-dimensional paper chromatography separations ofthe products ofthe ADP chase revealed a release of 32Pi, illustrating that the loss of labeling is operating via a mechanism other than the back reaction of the kinase (Fig. 4) . The highly purified pp l 8 preparation was prelabeled using [y-32P]ATP for 1 min. It was then chased for a further minute with (Fig. 4B) or without (Fig. 4A) 16 nm unlabeled ADP. There is clearly an increase in the level of 32Pi (Fig.4B ) compared to the control chase (Fig. 4A) implying that ADP has directly accelerated loss of phosphate. In the absence of enzyme both ATP and ADP chases had no effect on the level ofphosphate. The possible mechanisms to explain this reaction are currently under investigation.
Highly Purified ppl8 Autophosphorylates on Serine Residues
In a previous paper (2) , we demonstrated the presence of phosphoserine in a region of a nondenaturing PAGE separation known to contain autophosphorylated ppl 8. Since rapid cycling of phosphate on seine is not commonly reported, it was felt necessary to clarify the amino acid(s) involved in autophosphorylation on highly purified ppl 8. Figure 5A shows ppl 8 labeled using [y-32P]ATP for 2 min, precipitated and hydrolyzed for 4 h at 100°C in 6 M HCl. The hydrolysate was separated in two dimensions and comigrating standards detected by ninhydrin staining. Phosphoserine was the only detectable phosphoamino acid in an autoradiograph of the separation. Both base and proteolytic digests of autophosphorylated ppl 8 failed to reveal any phosphohistidine, phospholysine, phosphoarginine, or phosphotyrosine upon ascending paper chromatography.
Further confirmation that seine is a phosphorylation site was shown by separating labeled ppl 8 by SDS-PAGE and subjecting the gel to alkali treatment according to the method developed by Cheng and Chen (8) . There was a complete loss of label in response to the alkali treatment (Fig. 5B, lane massie staining of all proteins was recovered upon the return to low pH. This alkali lability of phosphorylation suggested that histidine, lysine, arginine (20, 21) , or tyrosine phosphates were insignificant constituents of labeled ppl 8. Treatment of labeled pp 18, prior to SDS-PAGE, with 100 mm hydroxylamine failed to eliminate the attached phosphate.
It was considered that the previously reported associated phosphoinositide (4) might somehow be present in the Mr 18,000 component during SDS-PAGE. However, numerous attempts to extract phosphoinositides from the autophosphorylated Mr 18,000 region were unsuccessful.
DISCUSSION
The evidence provided in this paper is consistent with the notion that autophosphorylation of ppl 8, a plasma membrane-bound protein kinase, is a rapid cycling of phosphate on seine residues. The dephosphorylating activity seems to copurify with the protein kinase. Purified ppl8 still contains two other peptides as well as the catalytic peptide, ppl 8. This phosphatase-like activity could be on any of these peptides. (Fig. 3A) [3'P] phosphate from the ADP. These possibilities have not as yet been distinguished, although examples of the latter two already exist in the literature. First, isocitrate dehydrogenase kinase, a key metabolic regulatory enzyme in bacteria, has both kinase and phosphatase activities (15, 16) . The phosphatase component is activated by ADP. Second, pyruvate Pi dikinase can be inactivated via phosphorylation of a threonine residue from the ,-phosphate of ADP (6) .
The calcium dependence ofppl 8 and its plasma membrane location imply a role in signal transduction. The rapid cycling ofautophosphorylatable phosphate reinforces this conclusion. The ppl 8 preparation, and its behavior in the plasma membrane, has two of the properties stipulated by Koshland (14) to make it zero order ultrasensitive. That is, it exhibits intramolecular autophosphorylation and phosphatase-like activities, with a rapid turnover of phosphorylation in the plasma membrane. Calcium and calmodulin accelerate the initial rate of autophosphorylation, the kinase activity (2); but we have not determined whether these inhibit dephosphorylation (the phosphatase-like activity) as required by the Koshland model. The first discovered example of zero order ultrasensitivity was that of isocitrate dehydrogenase kinase/phosphatase to which ppl 8 autophosphorylation has some similarity. ppl 8 has considerable regulatory potential; future work will have to try to establish the reality of that potential in the membrane and whole cell. 
